IAC/NAh 28Si NA 1.0 



An accurate determination of the Avogadro constant 
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The Avogadro constant links the atomic and the macroscopic properties of matter. Since the 
molar Planck constant is well known via the measurement of the Rydberg constant, it is also closely 
related to the Planck constant. In addition, its accurate determination is of paramount importance 
for a definition of the kilogram in terms of a fundamental constant. We describe a new approach for 
its determination by "counting" the atoms in 1 kg single-crystal spheres, which are highly enriched 
with the 28 Si isotope. It enabled isotope dilution mass spectroscopy to determine the molar mass of 
the silicon crystal with unprecedented accuracy. The value obtained, Na = 6.02214084(18) x 10 23 
moP 1 , is the most accurate input datum for a new definition of the kilogram. 

PACS numbers: 06.20.-f, 06.20.Jr, 06-30.Dr, 82.80.Ms, 68.37.-d 



Accurate measurements of fundamental constants are a 
way of testing the limits of our knowledge and technolo- 
gies. In these tests, the measurement of the Avogadro 
constant, JVa, holds a prominent position because it con- 
nects microphysics and macrophysics. In addition, as a 
new definition of the kilogram most likely will be based 
on the Planck constant [l|, h, a determination of JVa is 
a way to obtain an independent h value via the molar 
Planck constant, N\h. 

While the uncertainty of the mass of the international 
kilogram-prototype is zero by convention, any new real- 
ization will fix an uncertainty to the kilogram. However, 
since its mass is suspected to have drifted by about of 50 
/ig over 100 years, it has been accepted that the relative 
uncertainty is 2 x 10 -8 , at the maximum. Two experi- 
ments have the potential to achieve this goal. One is the 
watt-balance experiment. It aims at measuring h by the 
virtual comparison of mechanical and electrical powers 
0. The other experiment aims at determining JVa by 
counting the atoms in 1 kg nearly perfect single-crystal 
silicon spheres Q . In this method, crystallization acts as 
a "low noise amplifier" making the lattice parameter ac- 
cessible to macroscopic measurements, thus avoiding the 
single atom counting. Silicon is used because it is one of 
the best known materials and it can be grown into high 
purity, large, and almost perfect single crystals. 

Since 1998 [H, a relative 1.2 x 10~ 6 discrepancy has 
been observed when comparing the results of these ex- 
periments through JVaJi. It was conjectured that it origi- 
nated through the difficulty of accurately determining the 



isotopic composition of a natural Si crystal, a key mea- 
surement for JVa determination. To solve this problem, 
we repeated the measurement by using a silicon crystal 
highly enriched with the 28 Si isotope. In this way, the ab- 
solute calibration of the mass spectrometer with the re- 
quired small uncertainty could be overcome by applying 
isotope dilution mass spectrometry combined with multi- 
collector inductively coupled plasma mass spectrometry 

The project started in 2004 with the isotope enrich- 
ment by centrifugation of SiF.4 gas undertaken at the 
Central Design Bureau of Machine Building in St. Pe- 
tersburg. Subsequently, after conversion of the enriched 




FIG. 1: The float-zone Si crystal. To determine its den- 
sity, two spheres were manufactured from the two bulges. To 
determine the lattice parameter, an X-ray interferometer was 
cut from the material between these spheres. 
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TABLE I: Point-defect concentration (expressed in 10 15 
cm -3 ) in the AV028-S5 and AV028-S8 spheres and in the 
X-ray interferometer (XINT). 



Defect 


AV028-S5 


AV028-S8 


XINT 


Carbon 


0.43(9) 


1.85(20) 


0.99(12) 


Oxygen 


0.21(7) 


0.40(13) 


0.36(4) 


Boron 


0.014(5) 


0.04(2) 


0.005(2) 


Vacancy 


0.33(10) 


0.33(10) 


0.33(10) 



gas into SiH4, a polycrystal was grown by chemical va- 
por deposition at the Institute of Chemistry of High- 
Purity Substances of the Russian Academy of Sciences 
in Nizhny-Novgorod and, in 2007, the 5 kg 28 Si boule 
shown in Fig. Q] was grown by the Leibniz-Institut fur 
Kristallziichtung in Berlin [H[ . 

Principle of the measurement. Atoms were counted 
by exploiting their ordered arrangement in the crystal. 
Provided the crystal and the unit cell volumes are mea- 
sured and the number of atoms per unit cell is known, 
the count requires their ratio to be calculated. Hence, 
Na = nM/{pQa^), where n = 8 is the number of atoms 
per unit cell, M/po and ciq are the molar and unit-cell vol- 
umes, M the molar mass and po the density. The crystal 
must be free of imperfections, monoisotopic (or the iso- 
topic composition must be determined), and chemically 
pure. We selected a spherical crystal-shape to trace back 
the volume determination to diameter measurements and 
to make possible an accurate geometrical, chemical, and 
physical characterization of the surface. Hence, two 
spheres, AV028-S5 and AV028-S8, were taken at 229 
mm and 367 mm distances, respectively, from the seed 
crystal position and shaped as quasi-perfect spheres by 
the Australian Centre for Precision Optics. 

Imperfections. Our boule is dislocation free, it was 
purified by the float-zone technique, no doping by nitro- 
gen was used, and the pulling speed was chosen in order 
to reduce the self-interstitial concentration. Unavoidable 
point-like defects by carbon, oxygen, and boron atoms 
as well as vacancies strain the crystal and change the 
sphere mass. To apply the necessary corrections, their 
concentrations were measured by infrared spectroscopy 
and positron life time spectroscopy; the results are given 
in Table HI Laser scattering tomography excluded voids 
having diameters greater than the 30 nm detection limit. 

Lattice parameter. To measure the lattice parame- 
ter, an X-ray interferometer was fabricated from the 
material between the spheres. Next, the mean lattice 
parameter of each sphere given in Table IIII1 a(S) = 
(1 + J2i /3iAA^)ao(XINT), was calculated by taking ac- 
count of the different contaminations of the spheres and 
the interferometer. In this equation, S is the sphere 
AV028-S5 or -S8, a (XINT) is the measured value of the 
interferometer lattice parameter Q, i labels the point 
defects, /3 C = -6.9(5) x 10 24 cm 3 , fi Q = -4.4(2) x 10 24 



TABLE II: Mass and thickness of the surface layer and mass 
deficit due to the point defects. 





unit 


AV028-S5 


AV028-S8 


Surface layer mass 


Mg 


224(15) 


215(15) 


Surface layer thickness 


nm 


2.91(30) 


2.72(28) 


Mass deficit 


Mg 


9.3(6) 


23.7(4) 



cm 3 , and Pb = —5.6(2) x 10 24 cm 3 are the strain coeffi- 
cients 0] , and ANi is the difference of the defect concen- 
tration between the spheres and the interferometer (see 
Table |T|. The lattice parameter of a number of samples, 
taken from both sides of the spheres, was determined via 
double- crystal Lauc diffractometry. After corrections for 
the differences in the point-defect concentrations, all the 
measured values were found to agree within their mea- 
surement uncertainties. Lattice parameter topographies, 
made by using both X-ray phase-contrast imaging and a 
novel self-referenced X-ray diffractomcter, did not show 
evidence of any intrinsic strain. 

Surface. Silicon is covered with an oxide surface- 
layer. X-ray photoelectron spectroscopy, X-ray fluores- 
cence, and NEXAFS (near-edge X-ray absorption fine 
structure) measurements revealed unexpected surface 
contamination by copper and nickel silicides. Therefore, 
to determine the oxide layer mass and thickness given 
in Table HH the sphere surface was modelled, from top 
to bottom, as follows: a carbonaceous and an adsorbed 
water layer, a fictive layer of Cu and Ni silicides, and a 
Si02 layer The oxide thickness was determined by 
X-ray fluorescence measurements, where the oxygen K 
fluorescence intensity from the sphere surface was com- 
pared with that from flat samples for which the oxide 
layer thickness was determined by X-ray reflectometry. 
The mass of the carbon, copper, and nickel was obtained 
from X-ray fluorescence measurements. The stoichiome- 
tries of the oxide was determined by X-ray photoelectron 
spectroscopy, which also excluded from consideration an 
SiO interface. Data for chemisorbed water on silicon were 
taken from the literature Figure [2] shows the mapping 
of the surface layer thickness, obtained by spectroscopic 




FIG. 2: Topographic maps of the SiC>2 thickness. Left 
AV028-S5, right AV028-S8. The rainbow colours range from 
2.0 nm (blue) to 4.5 nm (yellow). 
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FIG. 3: Diameter topographies of the silicon spheres. The 
rainbow colours range from -63 nm (blue) to 37 nm (red). 
Peak-to-valley distances are 97 nm (AV028-S5, left) and 89 
nm (AV028-S8, right). 



ellipsometry with a spatial resolution of 1 mm [lOj. 

Mass. The spheres mass given in Table IIIII was de- 
termined by comparison with the Pt-Ir prototypes of the 
BIPM, NMIJ, and PTB; the results are in excellent agree- 
ment and demonstrate a measurement accuracy of about 
5 fj,g. Corrections for the surface layers and for the crys- 
tal point-defects have to be considered. Owing to point 
defects, there is the Am = V J2i( m i ~ m 2s,)Ni difference 
given in Table |TT] between the measured mass and the 
mass of a perfect lattice having a Si atom on each regu- 
lar site. In this equation, m, and mi% are the masses of, 
respectively, the i-th point defect and of 28 Si (a vacancy 
mass is zero and oxygen is associated to an interstitial 
lattice site, so that, mo is the sum of the oxygen and 
the 28 Si masses), V is the sphere volume, and iVj is the 
concentration of the z-th point defect (see Table [!}. 

Volume. The sphere volumes were determined from 
diameter measurements carried out by optical interfer- 
ometry. Two different interferometers were used, both 
relying on differential measurements [llj]. Each sphere 
is placed between the end-mirrors (plane, in one interfer- 
ometer, spherical, in the other) of a Fizeau cavity and the 
distances between the mirrors and each sphere, as well as 
the cavity length, were measured. Since the sphere is al- 
most perfect, its volume is that of a mathematical sphere 
having the same mean diameter. Hence, a number of di- 
ameters were measured and averaged. Figure [3] shows 
the deviations from a constant diameter in orthographic 
projections. The measured diameters were corrected for 
phase shifts in beam reflections at the sphere surface, as 
well for the beam retardation through the surface layer. 
The final volumes are given in Table IIIII 

Molar mass. The molar mass is given by M = 
Y, n M( n Si)x n = £„M("Si)i?„/ m /E n ^/ m , where 
M( n Si) with n = 28,29,30 is the molar mass of the 
"Si isotope, x n is the amount-of-substance fraction of 
"Si, and R n / m = x n /x m are the fraction ratios. The 
usual way to measure the isotope fractions is by gas mass 
spectrometry of SiF4 . An analysis carried out at the Uni- 
versity of Warsaw by graphite-furnace atomic absorption 
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FIG. 4: Isotope amount fractions of the enriched crystal. 
Measured isotope amount fractions X29 and £30 of the 28 Si 
boule as determined by gas mass spectrometry (GMS) by sec- 
ondary ion mass spectrometry (SIMS), and isotope dilution 
mass spectrometry (IDMS). The solid line indicates the com- 
position locus of fictional samples obtained by adding natural 
silicon to the enriched silicon measured by IDMS. The bars 
give the standard uncertainties. 

spectroscopy evidenced that the solutions used to convert 
the approximately 45 mg crystal-samples into the SiF4 
gas were contaminated by more than 7 fig of natural Si. 
This contamination required a correction greater than 
10 _6 M. The isotope fractions were measured also at the 
Institute of Mineral Resources of the Chinese Academy 
of Science still by gas mass spectrometry, but using a dif- 
ferent preparation of the SiF4 gas based on fluorination 
by BrFs. Also in this case the contamination by natural 
Si proved to be a problem. Furthermore, the extremely 
high isotopic enrichment showed to be a big challenge; 
ion current ratios more than five orders of magnitude 
larger than the unity had to be measured. 

To overcome these difficulties, a novel concept has been 
developed, which does not require the explicit measure- 
ment of the 28 Si fraction [12, [r|. It is based on isotope 
dilution mass spectrometry (IDMS) combined with mul- 
ticollector inductively coupled plasma mass spectrometry 
- with samples being dissolved in aqueous NaOH. Addi- 
tionally, the isotopic composition was determined also at 
the Institute for Physics of Microstructures of the Rus- 
sian Academy of Sciences by a secondary ion mass spec- 
trometer (SIMS) using a time-of-flight mass analyzer. 

Figure [4] shows the measured 29 Si and 30 Si amount 
fractions. The highest enrichments are observed by 
IDMS and SIMS. Continuously adding natural Si to a 
material having the isotopic composition determined by 
IDMS, the 29 Si and 30 Si fractions will move along the 
black line and also pass quite near to the other measure- 
ment results. Under this assumption the isotopic compo- 
sitions determined by IDMS and gas mass spectrometry 
are consistent with each other. The IDMS data are the 
most accurate one and have been considered only; the 
relevant molar mass values are given in Table IIIII 
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TABLE III: JVa determination. Lattice parameter, volume, 
and density are measured at 20.0 °C and Pa. 



6.022143 r 



6.022142 



quantity 


unit 


AVUio-bo 


AV(J28-S8 






do 


pm 


543.0996234(19) 


543.0996184(19) 


s 


6.022141 


in 


g 


1000.087559(15) 


1000.064540(15) 






V 


cm 3 


431.059060(12) 


431.049112(12) 




6.022140 


P 


kg/m 3 


2320.070847(74) 


2320.070990(76) 






M 


g/mol 


27.97697017(16) 


27.97697025(19) 




6.022139 


N A 


10 23 moP 1 


6.02214093(21) 


6.02214075(22) 




6.022138 



NIST 2010 



i * 



J io-X 



NPL 2010 



this paper 



JVa determination. The measured values of the quan- 
tities necessary to determine JVa are summarized in Table 
IIIII The JVa determinations based on two spheres differ 
only by 3(3) x 10~ 8 JVa, thus confirming the crystal ho- 
mogeneity. By averaging these values, the final value of 
the Avogadro constant is 



JV A = 6.02214084(18) x 10 2c! g/mol, 



(1) 



with 3.0 x 10 -8 relative uncertainty. The main contribu- 
tions to the uncertainty budget are given in Table HVl 

Conclusions. For the first time precise h values de- 
rived from different experiments can be compared. This 
comparison is a test of the consistency of atomic physics. 
A parallel experiment, having the purpose of measur- 
ing JVa/i by absolute nuclear spectroscopy, is aiming at 
extending this test to nuclear physics [141 ]. Figure [5] 
shows our result compared with those of the two most 
accurate measurements so far carried out: The watt- 
balance experiments of the National Institute of Stan- 
dards and Technology (NIST - USA) Q and the Na- 
tional Physical Laboratory (NPL - UK) [H]. The val- 
ues of the Planck constant measured by these experi- 
ments were converted into the corresponding Na values 
by N A h = 3.9903126821(57) x 10~ 10 Js/mol 0. 

Our result leads to more consistent numerical values 
for the fundamental physical constants. It is also a sig- 
nificant step towards demonstrating a successful " mise en 
pratique" of a kilogram definition based on a fixed JVa 
or h values. The agreement between the different real- 
izations is not yet as good as it is required to retire the 
Pt-Ir kilogram prototype, but considering the capabili- 



TABLE IV: Uncertainty budget of the Na determination. 



quantity 


relative uncertainty 
10" 9 


contribution 

% 


Molar mass 




8 


5 


Sphere mass 




5 


2 


Surface 




20 


34 


Sphere volume 




22 


41 


Lattice parameter 




11 


10 


Impurities 




3 


1 


Crystal perfection 




9 


7 



FIG. 5: Avogadro constant determinations. Comparison be- 
tween the most accurate values at present available. The bars 
give the standard uncertainty. 



ties already developed and the envisaged improvements 
it seems to be realistic that the targeted uncertainty may 
be achieved in the foreseeable future 
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